The geometries and binding energies of the most stable isomers of nickel, silver, and gold nanoclusters of size 6, 7, 12, 13, 14, 19, 38, 55, and 75 atoms, predicted with an n-body Gupta potential, are presented. An exhaustive search for low-energy minima on the potential energy surface was carried out using an evolutive ͑genetic-symbiotic͒ algorithm. Our results confirm the existence of disordered global minima for gold clusters of 19, 38, and 55 atoms in size, and disordered low-energy isomers for the 75-atom gold cluster. Disordered structures are also isomers of nickel and silver clusters but they are not among the global minima of these metals. Comparison of the structure factors of the disordered and ordered isomers of gold with published experimental x-ray powder diffraction data suggests that the disordered structures are real. The relation between the form of the n-body potential and the structure of the global minimum is studied, leading to an explanation of why these disordered states were located with the Gupta potential but not with certain other models of the metal bonding. ͓S0163-1829͑99͒05524-1͔
I. INTRODUCTION
Metal nanoclusters containing fewer than ϳ400 atoms show quantum size effects 1 which give them unique properties and make them interesting candidates for the building blocks of nanostructured materials and nanoelectronic digital circuits. [2] [3] [4] Before such practical applications can be developed, however, the cluster's chemical, thermodynamic, electronic, and optical properties must be delineated. This in turn requires a complete and unambiguous characterization of the cluster's geometrical structure. Recent experiments have been able to grow, and separate in mass, gold clusters down to sizes as small as ϳ1 nm in diameter (ϳ38 atoms͒. 1, 5 This recent improvement in experimental isolation capability to smaller sizes has allowed direct comparison of experimental geometries with theoretical predictions based on unbiased and exhaustive searches for the low-energy minima of clusters using model potentials 6, 7 and refined with first principles calculations. 6 X-ray powder diffraction studies of Au nanoclusters of ϳ38, 75, 101, 146, 200, 225, and 459 atoms in size, and grown with passivating agents, have been interpreted as revealing cores which are ordered; of the fcc truncated octahedral motif for the 38-, 225-, and 459-atom clusters and of the truncated decahedral motif for the rest. 1, 5, 8 However, calculations using the n-body Gupta potential and corroborated through density functional theory 6, 9, 10 ͑DFT͒ in the local density approximation ͑LDA͒ indicate that isolated gold clusters between ϳ38 and 75 atoms in size have disordered global minima, with pair distribution functions which show little regularity in the geometry, even at the so-called ''magic'' cluster numbers of 38, 55, and 75 atoms. These geometries, in fact, remain as the lowest free energy states at the finite temperatures of the experimental works. 6, 10 Disordered ground state structures have also been reported for Pt 13 using DFT ͑Ref. 11͒ and for Pt 55 using an embedded-atom model ͑EAM͒ potential. 12 On the other hand, other searches using embedded-atom potentials 5 and the Sutton-Chen potential 7 report ordered ͑crystalline and quasicrystalline͒ global minima.
One of the factors contributing to this controversy is the complexity of the potential energy surfaces of Au clusters. The short range of the Au potential leads to a very large number of local minima, making localization of the true global minimum extremely difficult. Since the number of local minima in the potential energy surface increases rapidly, probably exponentially, with size, this uncertainty becomes even worse for larger clusters. Also, different potential models of the metal bond yield different energy orderings for the lowest-energy isomers. The experimental conclusions reported above, for example, were based on a comparison of the experimental structure factors with simulated equivalents of a rather limited set of mainly low-energy ordered structures which did not include the disordered structures reported here.
The objectives of this article were first to locate the global minimum and an extensive set of stable low-energy isomers of each cluster, and second, to study the effect of the form of the potential on the geometrical structure and energy ordering of the isomers. The first objective was addressed by making exhaustive global searches on the potential energy surface. This paper presents the predictions for the structure and energy of the lowest-energy isomers of Au, Ag, and Ni of size 6, 7, 12, 13, 14, 19, 38, 55 , and 75 atoms, as given by the n-body Gupta potential. Fifty thousand random initial configurations were globally optimized for the sizes 6-38, and 80 000 for the 55-and 75-atom clusters. The search was performed with a symbiotic algorithm, 13 a variant of the genetic algorithm, and then followed with a conjugate gradient local optimization.
Concerning the second objective relating potential form, energy ordering, and geometrical structure, it is known, for example, that the lowest-energy structures and thermodynamics of clusters modeled with potentials depend sensitively on both the attractive range and the repulsive core. [14] [15] [16] [17] Furthermore, it is known that n-body effects are important for metal clusters 18 and since different potentials treat this part differently, this could lead to global minima of different structure. Here, by employing three different metals with distinct attractive and repulsive parametrizations of the Gupta potential, we show that the structures of the lowestenergy isomers, and hence some of the existing controversy, is a sensitive function of potential form.
In the following section the Gupta potential is presented. In Sec. III we detail the symbiotic search for the low-energy isomers. In Sec. IV we present the geometries, structure factors, and energy distributions of the lowest-energy isomers found. Results are compared with other calculations and with the existing experimental data. In Sec. V we discuss the relevance of this work in resolving some of the ordered/ disordered controversy. Specifically, in light of the findings presented here, in conjunction with ab initio and experimental x-ray powder diffraction data, we conclude that certain Au nanoclusters between ϳ19 and 75 atoms in size are disordered in their lowest-energy configurations. Finally, we summarize the relation found between the form of the potential and the geometry of the global minimum and energy ordering of the most stable isomers.
II. THE n-BODY GUPTA POTENTIAL
The Gupta potential 19 for the metal bond is based on the second moment approximation of the electron density of states in the tight-binding model. 20, 21 It contains an attractive effective band term ͑due to the large d-band density of states͒ and a short-range repulsive pair potential. It is expressed in the following form:
The first term in the square brackets of Eq. ͑2͒ represents the Born-Mayer repulsion and the second the n-body cohesive energy of the metallic bonding. The parameters p and q depend on the atom type and are obtained by fitting to the bulk equilibrium distance and elastic constants. 20 The values of A were obtained by minimizing the bulk fcc cohesive energy. Table I lists the values of the parameters for the metals investigated in this work. Note that r 0n and U n are functions of the number of atoms n in the cluster. In all of the results presented here, except in the comparison of structure factors with experiment, reduced units are used in which r 0n ϭ1.00 and U n ϭ1.00. All energies listed in this work are for the entire cluster.
The potential was originally derived for modeling transition metals where the d band is most important but it has also been shown to be valid for noble metals, where s-d hybridization would require including higher moments, by simply extending the range of the potential. 22 This potential has been used extensively in modeling transition and noble metal clusters 9, 23, 24 as well as bulk metals. 25 An n-body Gupta-like potential has also been recently parametrized for alkali metal clusters. 26 The dependence of the Gupta potential on atomic separation for the dimer molecule of the three different metals considered here is shown in Fig. 1 . For comparison, the depths of the three potentials have been scaled to the same value. The range of the attractive interaction is defined by the parameter q and the repulsive core by the parameter p. Gold has the shortest range ͑largest value of q), and nickel the longest ͑smallest value of q). The repulsive core, in reduced units, is similar for all three metals. For later reference, we have also plotted the depth normalized Sutton-Chen potential for Au, with the parameters obtained from Ref. 7 .
III. THE SEARCH FOR THE LOW-ENERGY ISOMERS
The potential energy surface of the cluster defined by the Gupta potential is complex and becomes more so the shorter the range of the potential. The number of local minima increases rapidly with the size of the cluster and the attraction basins of the minima have different widths. Finding the lowest-energy isomers is thus a difficult task requiring an efficient, global optimization approach.
Genetic algorithms are global optimization routines based on the analogy of evolution through natural ͑fitness based͒ selection in nature. They have been successfully applied to the cluster optimization problem 13,27-29 and have been shown to be more efficient than simulated annealing, using either Monte Carlo or molecular dynamics, in finding the lowestenergy minima. 27, [30] [31] [32] For large clusters, we have demonstrated that the genetic algorithm can be substantially improved by taking advantage of a peculiarity of the fitness function ͑the binding energy͒ directing the selection process. Nearest neighbor atom coordinates are tightly coupled through the fitness function. Evolving in cells and then forming and evolving a symbiosis of the results is substantially more efficient than evolving the whole cluster as a single system. 13 This is particularly true if a complete set of low-energy minima is sought and not just the global minimum. 13 Because of the stochastic nature of the moves on the potential energy surface, the symbiotic algorithm, and evolutive algorithms in general, avoid entrapment in high-energy local minima, providing a more global search. The price paid for not conforming to the forces is the loss of dynamical information. However, the efficiency of the symbiotic approach permits an exhaustive survey of a large portion of the lowenergy minima and saddle points, thus allowing the prominent features on the potential energy landscape to be mapped out and thereby providing substantial insight into the dynamics. 13, 33 The symbiotic algorithm begins by generating a random initial configuration of the coordinates of the n atoms of the cluster within a sphere of radius 1.62ϫ(n/75) 1/3 . This radius, determined heuristically, gave an initial volume most efficient for the optimization process. However, the cluster was allowed to expand or contract out of this volume. A template genetic string for this configuration, with the genes corresponding to the Carteasian coordinates of the atoms, was encoded in 8 bit Gray binary form. A spherical cell was then defined of radius 0.68 ͑containing on average mϭ8 atoms͒ centered on the point in physical space of the first atom appearing in the genetic string. Variables corresponding to the coordinates of the atoms which lay within this cell were mutually optimized using the standard evolutive technique 34 of mutation and crossover with selection based on the cell fitness function
where the sum on l is only over the m atoms within the cell and V l is as defined in Eq. ͑2͒.
The nϪm atoms outside the cell are fixed but provide an energy contribution to the cell which depends on both the cell configuration and the configuration of the rest of the cluster. The atom coordinates within the cell were evolved until the best energy for the cell did not change in seven consecutive generations. At this point a symbiosis was formed between the cell and the rest of the cluster by updating the template genetic string with the optimized cell coordinates if this action gave a lower energy to the entire cluster as determined by the fitness function for the whole cluster, Eq. ͑1͒.
The next cell was similarly defined, centered on the second atom appearing in the genetic string and the evolutive and symbiotic process repeated in this manner until the best energy for the entire cluster did not change in 15 consecutive symbiotic events. At this point the entire cluster was locally optimized by applying a conjugate gradient minimization. For each cluster size of each element, we carried out 50 000 such symbiotic optimizations for the smaller clusters and 80 000 for the two largest ones, each optimization beginning from a distinct random initial configuration.
IV. RESULTS
Unlike in most other implementations of the genetic algorithm, the symbiotic algorithm does not just fixate on finding the global minimum but provides a complete distribution of the lowest-energy minima. Figure 2 shows, for the three metals, the distributions in energy of the low-energy stationary points found, in 50 000 runs of the symbiotic algorithm for the cluster size of 38 atoms, and in 80 000 runs for the cluster sizes of 55 and 75 atoms. For the larger clusters, the symbiotic algorithm found more than 10 000 stationary points but only the 100 lowest-energy ones are plotted in Fig. 2 . The separation in energy of the low-energy states, in particular, that between the ground state and the other isomers, appears to have a direct relation to the range of the potential ͑large for nickel and small for gold͒. Also, in general, the encounter frequency of the global minimum decreases with both a decreasing range of the potential and increase in cluster size, indicative of both an increase in the number of local minima and a decrease in the attraction basin width of the global minimum. The exception is Au 38 which appears to have a large attraction basin width for its global minimum ͑a disordered structure͒. The insets of the figures show the density of configurations in energy as a function of energy. Note that the density of states for Au is significantly larger than that for either Ag or Ni. Such trends are evident over the whole range of cluster sizes studied here. These details in the energy distribution of the low-energy isomers play a crucial role in defining the thermodynamics of the cluster, for example, on the heat capacity and the phase transition temperatures. 35 The relation between the distribution in energy of the isomers and the thermodynamics of these metal clusters will be detailed in a forthcoming article. 36 Figure 3 presents the geometries of the three lowestenergy isomers found of each size for the different metals. For nϭ6 and nϭ7, all three metals have the same three lowest-energy isomers, and in the same order in energy. The global minima are the octahedron and the pentagonal bipyramid respectively, in agreement with results using the SuttonChen potential. 7, 37 Differences in the ordering of the isomers for the metals ͑attributable, in the most part, to the differences in the attractive potential range͒ begin to appear at a cluster size of 12 atoms. The Ni and Ag cluster global minima are based on variants of the icosahedral structure for nϭ12, 13,14,19, and 55 . For Ni at nϭ12,13,14, and 19 the global minima found here with the Gupta potential are identical to those found with the Sutton-Chen potential. 7, 37 At n ϭ13 all three metals have the closed shell icosahedral structure, in agreement with results using the Sutton-Chen potential 7 and even with a two-body Morse potential. 38 For both Ni and Ag at nϭ19 and 38 we found the two interpenetrating icosahedra and the fcc truncated octahedron, respectively, as the lowest-energy configurations, in agreement with a study of Ni using a similar Gupta potential. 39 At n ϭ55, Ni and Ag take on the closed shell Mackay icosahedral structure. This closed shell structure for the global minimum has also been predicted by corrected effective medium theory 40 and by an embedded-atom method for Ni 55 ͑Ref. 41͒ and with the Sutton-Chen potential for Ni 55 and Ag 55 . 7 For nϭ75, Ni and Ag both take on the Marks decahedral geometry. This, again, is in agreement with searches using the Sutton-Chen potential. 7 The situation is significantly different for Au. The global minimum of Au 13 has the icosahedral structure but for n ϭ12 and 14 the global minimum is based on a hexagonal motif. Au 19 has a unique structure for its global minimum, not easily classified. In fact, the distribution of interatomic distances for this cluster ͑not shown here͒ exemplifies a disordered structure. Au 38 shows a disordered structure with, however, one plane of reflection symmetry ͑perpendicular to the paper in Fig. 3͒ . In contrast, both the embedded-atom and Sutton-Chen potentials predict the fcc ground state for Au 38 , as they do for Ni 38 and Ag 38 . 5, 7 The global minimum and at least 360 other low-energy isomers of Au 55 are disordered and have lower energy than the icosahedral structure. For Au 75 , the lowest-energy structure obtained with the Gupta potential appears to be the Marks decahedral, as it is for Ag and Ni, in agreement with Sutton-Chen and the embeddedatom model, however, there are many disordered isomers of almost identical stability. Figure 3 gives one such disordered structure as the fourth isomer of Au 75 , with however, one plane of reflection symmetry, oriented perpendicular to the page. Table II Figure 4 demonstrates the disordered nature of the isomers of Au 38 , Au 55 , and Au 75 by comparing their distribution of interatomic distances with those obtained for the ordered geometries. Note that the icosahedral clusters of 38 and 75 atoms in size do not correspond to closed shells and therefore present considerable structural deformation, apparent in their distribution of interatomic distances.
In order to better understand the apparently anomalous structures of Au nanoclusters modeled with the Gupta potential, we have plotted the energy difference between the disordered and fcc structures for 38 atoms as a function of the parameters p and q of the Gupta potential in Fig. 5 . For these calculations, the value of the parameter A of the potential has been optimized to give the lowest energy for the fcc bulk for each set of p and q values. There is, apparently, a significant window on p and q for which the disordered structure is lower in energy than the fcc. The Gupta potential parameters for Au fall within this window, however, those of Ag and Ni do not. Fitting the parameters of the Gupta potential to the repulsive core and attractive range of the Sutton-Chen potential for Au plotted in Fig. 1 ͑giving pϳ12.3, and qϳ3.6) , and taking account of Fig. 5 , indicates why the disordered states are higher in energy than the fcc configuration for the Sutton-Chen potential. However, the disordered structure for Au 38 is a local minimum of the Sutton-Chen potential and it has an energy of only 0.08% larger than the fcc global minimum. We note that the fcc and disordered structures coexist in a narrow band of energy in both the regions labeled ''fcc'' and ''disordered'' of the p-q plane. Figure 5 also shows a region in the p-q plane ͑which we have labeled the ''transition'' region͒ in which neither the disordered nor the fcc structures are stable. The stable configurations in this interesting region appear to be spatially fixed accumulations of dimers and trimers. These configurations cannot be called a gas in the usual sense because the dimers and trimers maintain their spatial relationships even at nonzero temperature. An article describing the characteristics of the stable configurations in this region is under preparation. 42 Comparing the encounter frequencies of the disordered and ordered isomers of Au ͑obtained by identifying the geometries of the minima in the energy distributions of Fig. 2͒ , and assuming that the attraction basins in coordinate space as seen by the symbiotic algorithm are related to the real attraction basins in phase space, the disordered structures would be the most probable products of cluster condensation from the gas or liquid phase. We have verified that these structures are also the most stable at finite temperatures by comparing the free energy of the disordered and crystalline structures as a function of temperature. 10 We have also confirmed the stability and energy ordering of the disordered states with respect to the crystalline states using DFT-LDA for those sizes investigated here in which disordered states are abundant, n ϭ38, 55, and 75 ͑Ref. 6͒. In fact, although at the cluster size of 75 Au atoms, the Gupta potential predicts the Marks decahedral structure to be of lower energy than the disordered state, density functional theory predicts the disordered states to be lower. 43 To provide a basis for comparison of the structures found here with future experiments, the structure factors corresponding to each of the geometrical configurations listed in Fig. 3 are given in Fig. 6 . They were calculated according to
with sϭ2 sin /, where, in experiment, and are the angle and wavelength of the incident x rays. r i j is the distance in reduced units between atoms i and j in the cluster. The atomic scattering factors f i and f j were given the value 1.0 and no background or scaling factors have been applied. These structure factors provide a characterization of the clusters local structure which is relatively independent of size and morphology. For example, the two disordered configurations presented for Au 38 show very similar structure factors. These also compare with the disordered structure factors of Au 55 and the disordered fourth isomer of Au 75 .
The experimental powder x-ray structure factors obtained from mass selected samples 1, 5 are given in Fig. 7 for comparison with our results on Au 38 and Au 75 . For appropriate comparison with experiment, the real distances were estimated using DFT-LDA data obtained for these clusters 6 and an exponential damping factor of form exp(ϪBs 2 /2) was included to account for thermal effects. 5 The value of B appears to be relatively independent of cluster size 5 and was given the value 0.013 which was determined in Ref. 5 by fitting various simulated structure factors to the experimental spectrum of the 146-atom cluster. In distinction to the conclusions presented in Refs. 1 and 5 we suggest that the lowenergy disordered structures found here reproduce the experimental spectra as well or better than any of the ordered structures. Clearly, a more appropriate comparison with experiment would be a sum over the structure factors of the lowest-energy isomers, weighted by the structures attraction basin widths and free energies. In view of the results presented here, the disordered structures would be assigned the largest weights for Au nanoclusters between ϳ19 and 75 atoms in size.
V. CONCLUSIONS
We have searched the Gupta potential energy surface of small metal nanoclusters using a global and efficient symbiotic algorithm. Disordered structures were found as the lowest-energy minima for a range of cluster sizes extending from ϳ19 to 75 atoms. These results represent the most exhaustive searches with such a potential to date that we are aware of.
The effect of the form of the potential on the geometry of the cluster global minimum and on the energy ordering of the low-energy isomers was investigated. The ordering of the isomers in energy begins to depart for the different metals around nϭ12. As the repulsive parameter p for the three metals was similar in magnitude, this can be attributed, in most part, to the different attractive ranges of the potentials. Ni and Ag clusters prefer the icosahedral structure except at nϭ38 and 75 for which the fcc and decahedral structures, respectively, have the lowest energy. Au clusters show preference for the hexagonal structure at nϭ12 and 14 and for disordered structures at nϭ19, 38, and 55. The lowestenergy Au structure is Marks decahedral at 75 atoms but there are many disordered isomers of similar energy.
For a cluster of 38 atoms, we have studied in detail how the energy difference between the disordered and fcc structures depends on the values of the potential parameters. We found a region in the p-q ͑repulsive core-attractive range͒ space of the Gupta potential where disordered structures are favored. The parameters of the Gupta potential for Au lie within this region, but those of Ni and Ag do not. The form FIG. 6 . The structure factors of the three lowest-energy isomers of each cluster size. These spectra were obtained using the geometries given in Fig. 3 . See text for details.
of the Sutton-Chen potential for Au is such that its corerange combination also does not lie within this region. The structure of the global minimum and that of the low-energy isomers of small metal nanoclusters is thus a sensitive function of the form of the potential.
Another interesting region in the p-q plane ͑small p and large q) was found where neither the disordered nor fcc structures are stable. The stable configurations here appear to be accumulations of dimers and trimers with definite spatial relation. This information will be the subject of a following article.
The encounter frequencies of the stable configurations found in 50 000 ͑or 80 000͒ distinct runs were tabulated and related to the width of their attraction basins. The difference in energy between the global minimum and the other isomers, and the density in energy of stable states near the global minimum, were shown also to be a function principally of the attractive range of the potential for these metals. The shorter the range, the higher the density of states and the smaller the energy gap between the global minimum and the higher-energy isomers. The details of this relation between the distribution of minima in energy and the thermodynamics of metal nanoclusters is left to a forthcoming article.
The disordered states of Au clusters of size 19, 38, 55, and 75 atoms have the largest attraction basins, and, combining this with the fact that they are the most stable of all the configurations at finite temperature, we predict that they would be the most probable result of cluster condensation from the gas or liquid. Supporting this prediction, we cited the results of density functional calculations and the fact that, at least qualitatively, the experimental structure factors for Au 38 and Au 75 appear most like those generated from the disordered states found here than those from the ordered states. We emphasize that this is in contrast to the conclusions in the existing literature on gold nanoclusters. 1, 5 We suggest that previous conclusions drawn from comparing the experimental data with theoretical predictions were biased because of lack of a complete set of low-energy disordered configurations. The disordered states were not previously isolated because prior searches fixated on finding the global minimum and subtle differences in the form of the potential led to slightly higher energies for the disordered structures. We therefore suggest that the ordered/disordered controversy concerning the structure of metal nanoclusters resulted from the different repulsive core-attractive range relations of the various potentials used. Further attention should thus be paid to improving the potential model representations of the metal bond and the delineation of subtle differences in these on the predictions of the geometries of the low-energy minima of metal nanoclusters. Finally, it should be mentioned that many other Au clusters between 19 and 75 atoms are also expected to be disordered. Work on verifying this, and determining the effect of the passivation layer on the cluster structures of the experimental samples, although assumed to be small, is now under investigation.
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